Abstract: Surface urban heat islands (SUHIs) have been investigated in many regions around the world, but little attention has been given with regard to SUHIs in South America. In this study, Moderate Resolution Imaging Spectroradiometer (MODIS) land surface temperature (LST) data was used to investigate the diurnal, seasonal, and interannual variations in the SUHI intensity (SUHII, the urban LST minus the rural LST) in 44 South American cities in different climate zones and types of rural land. To examine the effects of factors that may influence the SUHII, correlations between the SUHII and the enhanced vegetation index (EVI), urban area, population, altitude, and anthropogenic heat emissions were performed. The results showed that the SUHI effect was obvious in South America. The mean daytime SUHII was higher than the mean night-time SUHII in all areas except for the arid climate zone. In the daytime, the summer displayed a stronger SUHII in the warm temperate climate zone than the other seasons. The night-time SUHII showed less obvious seasonal variations. In addition, the surrounding land cover influenced the SUHII. During the day, the SUHII was therefore stronger in rural areas that were covered by forests than in other types of rural land. Interannually, most cities showed an insignificant temporal trend in the SUHII from 2003 to 2016. The daytime SUHII was significantly and negatively correlated with the ∆EVI (the urban EVI minus the rural EVI) across the 44 cities, but a poor relationship was observed at night. In addition, anthropogenic heat emissions were positively correlated with the night-time SUHII. Urban area, population, and altitude were weakly correlated with the SUHII, which suggested that these factors may not have a significant impact on the spatial variations in the SUHII in South America.
Introduction
Accompanying rapid urbanization, the proportion of the global urban population increased from 45% in 1995, to 54% in 2015, and it will reach up to 66% in 2045 [1] . A series of environmental problems caused by rapid urbanization have raised public concerns. One of these problems is the urban heat island (UHI) phenomenon, where the air temperature of an urban area is higher than that in nearby areas during the night [2] . UHI has negative effects on water and air quality [3] , net primary productivity [4] , biodiversity [5] , human health [6] [7] [8] , and climate [9] [10] [11] [12] [13] . Generally, UHIs consist of two types: air UHI as estimated by weather stations and surface UHI (SUHI) as monitored by remote sensing technology and aircrafts [14] . The air UHI effect is considered to be more closely related to human health, although both types of UHI are still highly related to health [9, 15, 16] . Therefore, it is of great importance to understand the driving mechanism and ecological effects of SUHI on regional and global scales.
Many early UHI studies were conducted with weather stations. However, in situ data was confined because of sparse distributions and spatial discontinuities. SUHI has been widely studied in recent decades by monitoring the land surface temperature (LST) with remote sensing technology and aircraft. The highest SUHI intensity (SUHII, the urban LST minus the rural LST) generally occurs during the daytime, while the UHI peaks at night [17, 18] . The UHI is rather weak in the daytime, but it becomes more pronounced after sunset. Under some specific conditions, studies have found that some relevant factors (e.g., urban geometry, thermal admittance, and moisture) were important control factors for the UHI intensity [18] [19] [20] . Remote sensors such as the Landsat TM/ETM+/TIRS and Moderate Resolution Imaging Spectroradiometer (MODIS) play important roles in SUHI research [21] . Generally, Landsat TM/ETM+/TIRS data are more commonly used to analyze SUHI on a fine scale, because of the higher spatial resolution [22] [23] [24] [25] . Meanwhile, many studies have been conducted at regional or global scales, using MODIS LST products, due to its broad spatial coverage and high temporal resolution [14, [26] [27] [28] [29] [30] [31] . Most studies on the topic have shown that SUHIs have obvious diurnal, seasonal, and spatial variabilities. For example, Pongracz et al. [26] found that the SUHII in nine cities of central Europe (i.e., Belgrade, Bucharest, Budapest, Milan, Munich, Sofia, Vienna, Warsaw, and Zagreb) exhibited high monthly variabilities, and that the most intense SUHIs occurred on summer days. Roth et al. [17] studied satellite-derived UHIs in Vancouver, Los Angeles, and Seattle, and the results showed that the difference between urban and rural surface temperatures in the daytime was larger than that in the night. According to Zhou et al. [14] , the daytime SUHII in southeastern China was higher than other regions. Some studies have investigated temporal trends in the SUHII. For example, Yao et al. [32] investigated interannual variations in the SUHII in China's 31 major cities from 2001 to 2015; they showed that the SUHII was increasing, and that the SUHI area was expanding. Additionally, some studies analyzed the underlying influencing factors of the SUHII, such as urban area, vegetation coverage, meteorological conditions, and anthropogenic heat emissions [12, 14, [33] [34] [35] [36] [37] [38] . For example, Peng et al. [34] reported that the SUHIIs in 419 global cities had significant and negative relationships with the vegetation during the daytime, while an insignificant correlation was observed during the night. These studies have contributed to understanding the specific causes of the SUHI effect.
However, little attention has been paid to SUHI studies in South America. To our knowledge, only a few areas of South America have been investigated [39, 40] ; for example, Peres et al. [40] studied the SUHI in Rio de Janeiro (Brazil) from 1984 to 2015, and the results showed that the area of the SUHI in 2000-2015 was greater than that in 1984-1999. However, these previous studies mainly focused on the analysis of SUHI in single cities, and they neglected to consider the influences of potential driving factors. Therefore, it is necessary to systematically study the associated factors and temporal variations in the SUHIs of South America.
This research is a comprehensive study of the SUHI phenomenon in South America, and it is aimed at (1) revealing the diurnal and seasonal variations in the SUHII across 44 South American cities in different climate zones and types of rural land, from 2003 to 2016; (2) studying the temporal trends in the SUHII in these 44 cities; and (3) examining the relationship between the SUHII and its associated influencing factors, including vegetation, urban area, population, altitude, and anthropogenic heat emissions.
Data and Methods

Study Area
The land area of South America is approximately 17.8 × 10 6 km 2 , which makes it the fourth largest continent in the world, accounting for approximately 12% of the world's total land area. According to updated Köppen-Geiger classifications [41] , South America has various climate zones, the main zones being equatorial, arid, and warm temperate climate zones. In South America, areas with an annual average precipitation that is above 1000 mm account for approximately 70% of the total area, and the average temperature during the coldest winter month is above 0 • C. In addition, most of the population is distributed to cities along the northwestern and eastern coasts. In 1980, the urban population of South America accounted for 68% of the total South American population, and this number is expected to reach 85% in 2020 [42] . In this study, we chose 44 South American cities (urban agglomerations) with a 2014 population that was larger than one million, as the study area (Figure 1) . The local information of each city is shown in Table 1 . 
Data
MODIS LST data makes it feasible for diurnal and seasonal variations in the SUHI to be studied, because of the high temporal resolution of the data. Due to the wide coverage, it is an ideal data source for studying the SUHI effect at large or global scales. In this study, MYD11A2 data (8-day composite, 1000 m spatial resolution) was used to obtain the LST in South America from 2003 to 2016. According to Wan [43] and Pablos et al. [44] , the absolute deviation of MODIS LST is less than 1 K in most cases. MOD13A3 data (monthly composite, 1000 m spatial resolution) and MODIS global land cover type data (MCD12Q1, 500 m spatial resolution) were used to extract vegetation greenness information from 2003 to 2016, and land cover information from 2013, respectively. Some studies have shown that the enhanced vegetation index (EVI) is more appropriate than the normalized difference vegetation index (NDVI) for monitoring vegetation variations in urban areas [45, 46] . The digital elevation model (DEM) data derived from ASTER GDEM (Version 1, 30 m spatial resolution), which was provided by Geospatial Data Cloud site, Computer Network Information Center, Chinese Academy of Sciences (http://www.gscloud.cn), was used to obtain altitude data for each city, and to eliminate the impacts of elevation on the SUHI. The urban population of each city in 2014 was provided by the United Nations (https://population.un.org/wup/). In this study, night light (NL) data was used as a proxy for anthropogenic heat emissions [14, 34, 47] . The composite VIIRS NL data from 2015 was obtained from the Earth Observation Group of the National Oceanic and Atmospheric Administration's National Geophysical Data Center (NOAA/NGDC, https://www.ngdc.noaa.gov/eog/index.html). Finally, the urban area of each city was calculated from the MCD12Q1 data. 
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Methods
To maintain consistency with the spatial resolution of the LST data, the MCD12Q1, DEM, and NL data were first resampled with nearest neighbor to 1000 m. The SUHII was defined as the LST difference between the urban and rural areas. The urban area was extracted in the MCD12Q1 layer, according to the IGBP classification. If a nearby suburb had been used as a reference area, the SUHII may have been underestimated, due to the footprint of the SUHI being larger than the urban areas [48, 49] . Therefore, a 20-25 km buffer was first generated around the urban area [32, 46] . An area was excluded from the 20-25 km buffer if it met one of the following conditions: (a) it was classified as a water body or an urban area; (b) the elevation was outside the range of the average urban elevation ±50 m [46, 50, 51] , or (c) it was located within another city's 25 km buffer. The result was defined as being a rural area. A schematic diagram of the urban and rural areas (with Buenos Aires, Argentina, as an example) is shown in Figure 2 . After the urban and rural areas were determined, the LST and EVI data were reprojected and mosaicked, using the MODIS Reprojection Tool (MRT). Both the daytime (13:30) and night-time (1:30) SUHII were computed for each city. Then, the seasonal and annual daytime and night-time SUHIIs were calculated for the years 2003-2016. In the Northern Hemisphere, spring, summer, autumn, and winter are defined as being the periods from March to May (MAM), June to August (JJA), September to November (SON), and December to February (DJF), respectively. In the Southern Hemisphere, spring, summer, autumn, and winter are defined as SON, DJF, MAM and JJA, respectively.
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Results
Diurnal and Seasonal Variations in the SUHII
A "cold island" effect occurred in cities where the associated rural areas were covered by bare soil during the daytime. Similar to the above results, for all types of rural lands, the night-time SUHII was weaker than in daytime, with fewer observed seasonal variations. 
Temporal Trends in the SUHII in South America from 2003-2016
Figures 5 and 6 show the temporal trends in the SUHII for the 44 South American cities monitored between 2003 and 2016. In the daytime, increasing trends in the SUHII were observed in most cities. In total, 14, 8, 12, six, and eight cities had significantly increasing trends in the SUHII for the annual, spring, summer, autumn, and winter time periods, respectively. The highest and significantly increasing annual, spring, summer, autumn, and winter rates were found in Santa Cruz (Bolivia, 0.12 °C/year, p < 0.05), Florianópolis (Brazil, 0.12 °C/year, p < 0.05), Santa Cruz (Bolivia, 0.21 °C/year, p < 0.05), Santa Cruz (Bolivia, 0.11 °C/year, p < 0.05), and Maceió (Brazil, 0.12 °C/year, p < 0.05), respectively. Moreover, 4, 2, 5, one, and three cities showed significantly decreasing annual, spring, summer, autumn, and winter trends in the SUHII, respectively. During the night-time, nearly half of the cities experienced increasing trends in the SUHII over the whole study period. The SUHII increased significantly in a few cities, as indicated by six, four, two, one, and eight cities for the annual, spring, summer, autumn, and winter periods, respectively. Furthermore, similarly increasing SUHII rates among these cities were found during the night-time. The highest and most significantly increasing annual, spring, summer, autumn, and winter rates were observed in Cali (Colombia, 0.05 °C/year, p < 0.05), Goiânia (Brazil, 0.05°C/year, p < 0.05), Campinas (Brazil, 0.03 °C/year, p < 0.05), Santiago (Chile, 0.02 °C/year, p < 0.05), and Córdoba (Argentina, 0.08 °C/year, p < 0.05), respectively. Three, one, three, one, and two cities showed significantly decreasing annual, spring, summer, autumn, and winter trends in the SUHII, respectively. The reason for the significantly decreasing trend is not clear. However, some factors were not considered in this study: an effect of randomness and a short study period (14 years) may have caused this phenomenon. For both day and night periods, the number of cities with significantly increasing trends in the SUHII was larger than those with significantly decreasing trends. 
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Relationships between the SUHII and Its Potential Influencing Factors
The relationships between the SUHII and its potential influencing factors were examined, which contributed to understanding the specific causes of the SUHI effect. The daytime SUHII was closely related to the ∆EVI, but a poor correlation was observed at night. The daytime SUHII had a significant (p < 0.01) and negative relationship with the ∆EVI during each season (Table 4) , which suggests that during the day, as the ∆EVI decreases, the SUHII intensifies. The results of this study were similar to the results of Zhou et al. [14] and Peng et al. [34] , who studied the relationship between the SUHII and vegetation, in summer and winter, in 32 Chinese cities and 419 global cities, respectively. Compared with the daytime, the correlations between the night-time SUHII and the ∆EVI were much weaker. These results were consistent with Zhou et al. [15] , who reported an insignificant correlation between the night-time SUHII and the ∆EVI. In addition, the night-time SUHII values were significantly and positively related to the night light difference (∆NL) (a proxy of anthropogenic heat emissions). In contrast, the daytime SUHII values showed insignificant correlations with the ∆NL. For all seasons, and for both daytime and night-time periods, the SUHII values had poor correlations with the urban area (except during summer nights), the population, and the altitude, at each season. 
Discussion
Diurnal and Seasonal Variations in the SUHII
The same seasonal and diurnal trends of the SUHII values can be found in previous studies [14, 16, 28] . The phenomenon of a higher daytime SUHII compared with the night-time SUHII is explained by two factors. First, urban areas with artificial impervious surfaces and larger building densities resulting from urbanization will absorb more solar energy and radiation during the day [52] , which can lead to higher LSTs in urban areas during the daytime. Second, the presence of vegetation affects the SUHI, due to evaporative cooling during the daytime. In the day, the largest diurnal differences in the SUHII values occurred in cities with rural areas that were covered by forest due to the cooler transpiration effect. However, an inverse relationship was found in arid regions. In arid regions, the LSTs in urban areas are generally lower than those in rural areas, which causes a negative annual daytime SUHII. Moreover, during the daytime, there were obvious seasonal variations in the SUHII, except in the equatorial climate zone. In the warm temperate climate zone, more vegetation coverage, more direct solar radiation, and a longer sunshine duration in summer may contribute to the obvious seasonal variations [34] .
Peng et al. [34] investigated the SUHII values between 2003 and 2008 in 419 large cities worldwide, and the average 6-year SUHII in South America was weaker than our results (Table 5) , except for summer nights (2.4 • C for annual days; 1.1 • C for annual nights; 3.0 • C for summer days; 1.3 • C for summer nights; 1.7 • C for winter days; 0.9 • C for winter nights). The reasons for this difference may be related to the temporal scale and the different methods for defining rural areas. Peng et al. [34] used nearby areas as referenced areas, which may have underestimated the SUHII, because the footprint of the SUHI extended beyond the urban areas [49, 50, 53] . The "cold island" effect occurred in Montevideo (−0.11 • C), La Paz (−0.35 • C), Córdoba (−0.67 • C), and Lima (−6.19 • C) in the annual daytime. This phenomenon may relate to low vegetation disturbances in rural areas, as indicated by the higher annual average ∆EVI of these four cities mentioned above, compared to the other 40 cities (an average of −0.14 for the 40 cities): Lima (0.01), Córdoba (−0.06), La Paz (−0.05), and Montevideo (−0.12). Almost no forested areas were found in these four cities. In Lima, the associated rural area was covered by desert with a high LST, which caused a significant cold island effect. Additionally, Lima is located near mountainous terrain, and it was possible that the slope of the mountains relative to the sun resulted in cold islands, due to the fixed monitoring times of the MODIS products.
For all of the cities studied, the highest annual daytime SUHII was observed in Medellín (Colombia, 8.48 • C), followed by Manaus (Brazil, 6.86 • C), São Paulo (Brazil, 6.60 • C), Cali (Colombia, 6.25 • C), Quito (Ecuador, 6.11 • C), and Bogotá (Colombia, 6.02 • C). The high SUHII values in these six cities may be caused by high vegetation coverage in the rural areas. According to Yao et al. [36] , rural greening will increase the SUHII during the daytime. The mean proportion of forested areas in the six cities accounted for 52%, while the proportion in other cities was only 20%. The mean rural EVI and ∆EVI in the six cities and other cities over different climate zones are given in Table 6 . The average absolute values of both the rural EVIs and ∆EVIs in the six cities were higher than in the other cities. Insignificant differences in the rural EVIs between the six cities and the equatorial cities were observed, but there was a smaller ∆EVI among the six cities, which helped to enlarge the difference in LST between the urban and rural areas. Vegetation plays a key role in attenuating the SUHI during the day, especially during the growing season [34] . This phenomenon can lead to higher SUHII values in these six cities. Additionally, the SUHII values in these six cities were high for each season (Figure 7) , and this phenomenon was not observed in other cities. Although the geographical positions of these six cities were different, they are all located near the equator. The percentages of evergreen forest in the six cities were all above 95%, which caused the mean rural EVIs and ∆EVIs to stabilize for each season. This may thus have caused fewer differences in seasonal variations for the SUHII. 
The Effects of Each Factor on SUHII
The relationship between the SUHII and vegetation was significant during the day, due to the evaporative cooling effect by vegetation [34] . The correlation for winter days was significant and negative between the ∆EVI and SUHII in this study, which was different to the results of other 
The relationship between the SUHII and vegetation was significant during the day, due to the evaporative cooling effect by vegetation [34] . The correlation for winter days was significant and negative between the ∆EVI and SUHII in this study, which was different to the results of other previous studies [14, 34] . This phenomenon may be caused by a larger portion of evergreen vegetation being present in South America than in other regions, as some cities are located in the equatorial zone. Therefore, the vegetation of these cities is less affected by seasons, and so a decreasing ∆EVI can intensify the SUHII, even in winter. According to Zhou et al. [14] and Arnfield [9] , the lack of vegetative transpiration during the night-time leads to an insignificant relationship between the ∆EVI and SUHII. It is inferred that vegetation plays an important role in mitigating the SUHI effect. Hu and Jia [54] found that the proportion of urban vegetation in Guangzhou, China decreased by 16% from 1990-2007, which caused the LST to increase by 2.5 • C.
In this study, anthropogenic heat emissions were positively correlated with SUHII during the night, which was consistent with some previous studies [14, 34] . However, an insignificant relationship was found during the day. According to Oke et al. [2, 55] , the energy balance of urban surfaces can be expressed as: net all-wave radiation + anthropogenic heat flux = sensible heat flux + latent heat flux + net storage heat flux + net heat advection. Additionally, the net radiation is much larger than the anthropogenic heat flux during the day. Thus, anthropogenic heat emissions may be masked by net radiation, which would result in an insignificant relationship between the daytime SUHII and the anthropogenic heat emissions. However, during the night, anthropogenic heat emissions can contribute to the SUHI effect [56, 57] . In this study, the link between the SUHII and urban area and population was insignificant. Urban area and population are surrogates for other urban planning variables, which could have indirect effects on the SUHI phenomenon. In this study, the effects of urban area and population on the SUHII may be masked by other factors, as the 44 cities are located within different climate zones, and they have different economic statuses and different rural environments. Thus, the effects of population and urban area on SUHII are weakened. Cities that were located in the equatorial climate zone and in rural areas covered by forest were chosen to test whether population and urban area were related to the SUHII. It was found that the annual daytime SUHII values of these cities exhibited significant and positive relationships with the population (R 2 = 0.51, p < 0.05) and urban area (R 2 = 0.47, p < 0.05). Meanwhile, the altitude has little effect on the SUHII [58] [59] [60] . In this study, vegetation and anthropogenic heat emissions played a larger role in interpreting variations in the daytime and night-time SUHII values, respectively.
Uncertainties
Some uncertainties exist in this study. First, the length of the study period (14 years) may have been too short a timeframe to properly study the temporal trends in the SUHII, because of the short time series of the MODIS LST products, which may have led to some biases in the analysis. Longer time-series data should be used in future studies on the interannual variation in the SUHII. Second, other factors that may influence SUHII, such as the soil moisture and the landscape configuration, were not conducted, due to problems with data availability. To explore these effects on the SUHII, factors that are related to the SUHII should be systematically analyzed in future works. Finally, it is not clear why some cities had significant decreasing trends. This result may be related to the short study period, or random effects or other factors that were not considered in this study.
Conclusions
In this study, the diurnal, seasonal, and interannual variations in the SUHIIs for 44 South American cities were investigated, using statistical data and remote sensing data from 2003 to 2016. Correlation analyses were conducted to reveal the relationships between the SUHII and ∆EVI, and urban area, population, altitude, and anthropogenic heat emissions.
The results showed that the daytime SUHII values were higher than the night-time SUHII, except in the arid climate zone. Seasonal variations were observed in the warm temperate and the arid climate zones. In the warm temperate climate zone, the highest SUHII was observed in summer (4.06 • C). At night, the SUHII values were between 0 • C and 2 • C in most cities, and there were no obvious seasonal variations. Additionally, the type of surrounding land cover affects the SUHII. A stronger daytime SUHII was observed in cities with forest-covered rural areas, compared with other types of rural land. Interannually, although the SUHII showed different temporal trends among the 44 cities, an insignificant temporal trend was found in most cities for the period from 2003-2016.
The SUHII and ∆EVI were significantly and negatively correlated during the daytime, but they were not significantly correlated during the night-time. In addition, anthropogenic heat emissions were positively correlated with the night-time SUHII. There was an insignificant correlation between the SUHII and the urban area, the population, and the altitude in this study.
Due to the significant SUHI effects observed in South America in recent years, variations in the urban thermal environment and the related ecological responses should be comprehensively analyzed. This study exhaustively investigated the diurnal, seasonal, and temporal trends, and the potential influencing factors for the SUHII in South America, which is an important reference for understanding the spatiotemporal variations in the SUHI effect, and the interactions between human activities and land-surface ecosystems. However, some uncertainties still remain, and other factors (e.g., landscape configurations and soil moisture) that are associated with the SUHI phenomenon should be thoroughly studied in future works. 
